The production of high-value carbon nanotubes and hydrogen from the two-stage pyrolysis catalytic-steam reforming/gasification of waste tires have been investigated. The catalysts used were Co/Al2O3, Cu/Al2O3, Fe/Al2O3 and Ni/Al2O3. The pyrolysis temperature and catalyst temperature were 600 °C and 800 °C, respectively. The fresh catalysts were analysed by temperature programmed reduction and X-ray diffraction. The product gases, including hydrogen were analysed by gas chromatography and the carbon nanotubes characterized by scanning and transmission electron microscopy and Raman spectrometry. The results showed that the Ni/Al2O3 catalyst produced high quality multiwalled carbon nanotubes along with the highest H2 yield of 18.14 mmol g -1 tire, compared with the other catalysts, while the Co/Al2O3 and Cu/Al2O3 catalysts produced lower hydrogen yield, which is suggested to be associated with the formation of amorphous type carbons on the surface of the Co/Al2O3 and Cu/Al2O3 catalysts.
INTRODUCTION
Large quantities of waste tires are produced annually worldwide, for example, recent data report, 3 .27 x 10 6 tonnes of waste tires arising in the Europe Union, 1 3 .87 x 10 6 tonnes in the US 2 and 1.01
x 10 6 tonnes in Japan. 3 Most developed countries have prohibited the disposal of waste tires to landfill, 4, 5 because of their chemical and biological resistance to degradation. In addition, waste tires have a relatively high energy value (~32 MJKg -1 ), and landfilling represents a waste of resource.
The treatment of waste tires is mainly through energy recovery options such as waste derived fuel in power stations, cement kilns and co-incineration, or through materials recycling such as rubber crumb for flooring, sports fields, roofing etc. 1 However, there is growing interest in other technologies and pyrolysis/gasification of waste tires has become a promising technology that has been extensively studied. [6] [7] [8] [9] [10] In addition, several reports have investigated the production of hydrogen from tire gasification. [11] [12] [13] Hydrogen is regarded as a clean energy carrier which is predicted to play a significant part in future energy scenarios, since it can be produced from many different sources, its combustion is pollutant free and it has a broad range of applications. 14 Catalysts are normally used to enhance hydrogen production. [15] [16] [17] [18] For example, Elbaba et al. 6, 11, 19, 20 used a two stage reaction system for hydrogen production from pyrolysis-catalytic gasification of waste tires. They investigated nickel based catalysts doped with other metals, for example the addition of cerium as a catalyst promoter produced high gas concentrations of hydrogen. 6 Process parameters have also been shown to influence hydrogen production from waste tires; for example, hydrogen production increased when catalyst temperature, catalyst/tire ratio, water injection rate and input of water (without excessive water) were increased. 19 Portofino et al. 13 also concluded that catalysts play an important role in the enhancement of hydrogen production in the gasification process. However catalyst deactivation derived from the formation of carbonaceous coke on the catalyst surface is one of the challenges for optimising hydrogen production. [21] [22] [23] Giannakeas et al. 24 reported evidence from XRD analysis to showed that there was carbon deposition on the surface of the catalyst which caused catalyst deactivation in the waste tire reforming process. Coke formation on the catalyst surface during the reforming process is difficult to avoid and decreases the efficiency of the reforming process by deactivation of the catalyst. 25, 26 There are different forms of carbons generated in the coke deposition process, including amorphous carbons and graphitic carbons. Research into the types of carbon formed on the catalyst produced in the process of pyrolysis-catalytic gasification for hydrogen production using plastics have reported that some of the graphitic carbons have been shown to be carbon nanotubes (CNTs) 27, 28 and can be regarded as a valuable by-product, instead of being considered as un-wanted coke. Therefore there is interest in trying to manipulate the process by the use of different catalysts to optimize the production of CNTs and/or hydrogen.
Carbon nanotubes have special physical and chemical properties which enable their use in many application areas. For example; bulk CNTs have been used for rechargeable batteries, automotive parts and in sporting goods; 29, 30 CNTs can also be used as multifunctional coating materials, for example, multi-walled carbon nanotubes (MWNTs) can be added into paint which can discourage reduce bio-fouling; 29, 31 MWNTs have been used widely in lithium ion batteries 29, 32, 33 where they have been shown to improve the electrical and mechanical properties of batteries 29, 34, 35 CNTs also be used in biosensors and medical devices because of their chemical and dimensional compatibility with biomolecules. 29, 36 Although noble metals are the most effective catalysts to promote hydrogen production, 15, 16 they are not the ideal catalysts for large scale industrial use due to their higher cost. Therefore, there has been much research into the use of other metal-based catalysts for hydrogen production. For example Patel et al. 37 and Marino et al. 38 used Cu based catalysts and Zhang et al. 39 used Co based catalysts to investigate their influence on the ethanol reforming process. Ni-based catalysts have been used for the pyrolysis-catalytic reforming/gasification of plastic wastes, tires and refuse derived fuel for hydrogen production. 11, [40] [41] Cu based catalysts have been shown to promote hydrogen production in a waste tire pyrolysis process. 42 Metal-based catalyst have also been used for the enhanced production of carbon nanotubes. For example, Qian et al. 43 used a Co based catalyst in a methane decomposition process to enhance CNTs production and Yu et al. 44 investigated the influence of a Fe-Mo/Al2O3 catalyst on CNTs production in the catalytic pyrolysis of propylene.
To our best knowledge, there are limited reports in relation to the co-production of hydrogen and CNTs from the pyrolysis-catalytic reforming of waste tires, although, there have been reports regarding the simultaneous production of H2 and CNTs from waste plastics. 27, 28 In this paper we report on a study of four metal-based catalysts using Al2O3 as catalyst support, to determine which metal-based catalyst was most effective for co-production of CNTs and hydrogen from the catalytic reforming of waste tire.
MATERIALS AND METHODS

Experimental System
Experiments were undertaken using a two stage fixed-bed, pyrolysis-catalytic reforming/gasification reactor shown in Figure 1 . The reactors were constructed of stainless steel and were externally electrically heated with furnaces with full temperature control and monitoring.
Pyrolysis of the waste tire occurred in the first reactor at 600 °C and the product pyrolysis volatiles were passed directly to the second rector, where catalytic reforming in the presence of steam occurred at 800 °C. Nitrogen was introduced into the top of the pyrolysis reactor as the inert purge gas with a flow rate of 80 ml min -1 . The tire sample (around 1 g) was placed in the pyrolysis reactor 5 and the catalyst or sand (around 0.5 g) was located in the second reactor. During the experiments, the catalyst bed (second reactor) was preheated at 800 °C before the pyrolysis of the tire was started heating from room temperature to 600 °C with a heating rate of 40 °C min -1 . The gaseous products from the process were passed to two water and solid-CO2 cooled condensers to trap the condensable liquids followed by gas collection in a 25L Tedlar TM gas sample bag. The total experimental time was around 40 min, and the gas collection time was around 60 min (extra time was used to ensure all the products were collected).
Materials
The waste tire sample used in the experiments was a shredded mixture of waste truck tires. The four catalysts investigated, Fe/Al2O3, Cu/Al2O3, Co/Al2O3 and Ni/Al2O3 were prepared by an incipient wetness method. The metals were impregnated onto an alumina support to produce 10 wt.% of metal catalyst. Firstly, the metal nitrates were dissolved in ethanol, alumina was added into the metal nitrate and ethanol mixture with continuous stirring to produce a slurry. The precursor slurry was dried in an oven at 50 °C for around 12 h until all of the excess ethanol was evaporated. The dried catalyst precursor was calcined by heating in air to a final temperature of 750 °C with a heating rate of 2 °C min -1 and held at 750 °C for 3 hours. The catalyst was ground and sieved to a size range between 0.05 and 0.18 mm.
Analytical Methods
The gaseous product from the pyrolysis-catalytic reforming/gasification process collected by the Tedlar gas sample bag was analysed by packed column gas chromatography (GC). Permanent gases which included H2, CO, O2, and N2 were analysed by a Varian 3380 gas chromatograph fitted with a thermal conductivity detector with a 2 m long x 2 mm diameter, 60-80 mm mesh molecular sieve column. CO2 was analysed on the same GC, but with a separate 2 m long x 2 mm diameter column with HayeSep 80-100 mesh molecular sieve and a thermal conductivity detector. The carrier gas was argon. Hydrocarbons from C1-C4 were determined using a separate Varian 3380 GC with a 80-100 mesh HayeSep column, with nitrogen carrier gas and a flame ionization detector.
Temperature programmed oxidation (TPO) used a Shimadzu thermo gravimetric analyser (TGA) to determine the oxidation characteristics of carbon deposited on the catalyst after use to identify the formation and type of deposited carbon on the surface. Approximate 4 mg of the reacted catalyst sample was placed in the TGA and heated in air at a flow rate of 50 ml min -1
. The sample was heated to 800 °C at a heating rate of 15 °C min -1 .
Temperature programmed reduction (TPR) of the fresh catalysts was carried out using a Stanton-Redcroft thermo gravimetric analyser (TGA). 4 mg of the catalyst was preheated to 150 °C at a heating rate is 20 °C min -1 and held for 30 min in an atmosphere of H2 (5 vol.% balanced with N2) at a flow rate of 50 ml min -1 , the sample was then heated to 900 °C at a heating rate of 10 °C
The fresh catalysts and used catalysts after experimentation were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to determine their surface morphology. The SEM used was a Hitachi SU8230 SEM and the TEM was a FEI Tecnai TF20).
The bulk crystal structure and chemical phase composition of the catalysts was determined by X-ray diffraction using a Phillips PW 1050 Goniometer with a CU Ka radiation X-ray tube operated at 40 kV and 40 mA.
The catalysts after experimentation contained deposited carbonaceous coke which was characterised by Raman spectroscopy using a Renishaw Invia Raman spectrometer at a wavelength of 514 nm at Raman shifts between 100 and 3200 cm −1
. The analysis was able to investigate the graphitic nature of the deposited carbon. phases were reported by Wu et al. 45 and Clause et al. 46 There were several reduction peaks for the Fe/Al2O3 catalyst, which may be due to the reduction of Fe2O3 to Fe3O4, Fe3O4 to FeO, and FeO to
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Fe. The relatively low temperature reduction is related to the well dispersed iron on the support. 47 Brown et al. 48 suggested the reduction peak of Fe3O4 to FeO were related to partial reduction and re-oxidation. Wan et al. 49 described the reduction of Fe2O3 as being to FeO, a metastable phase, rather than to Fe which oxides below 570 °C. Berry et al. 50 found the reduction of Fe2O3 to Fe occurred at around 440 and 640 °C which are similar to the result in Figure 3 , the reduction peaks at 8 temperature, which has been reported to be due to the strong interaction between iron and the alumina support. 48 The Cu/Al2O3 catalyst had two main reduction stages at 210 and 300 °C, respectively; it is noted that a broad slow reduction was observed for the TPR analysis of the Cu/Al2O3 catalyst at temperatures between 300 and 700 °C. The first reduction peak indicates the presence of CuO and the second peak is assigned to the reduction of CuAl2O4. Marino et al. 51 have reported the presence of both of CuO and CuAl2O4 phases in Cu/Al2O3 catalyst.
For the Co/Al2O3 catalyst, it appears that this catalyst is hardly reduced under the TPR conditions used, suggesting that there were limited active Co sites in this catalyst. The result is similar to that reported by Chu et al. 52 who found no Co3O4 component for a cobalt-alumina supported catalyst.
Pyrolysis-catalytic reforming/gasification of waste tires
Mass balance and hydrogen production
Pyrolysis-catalytic reforming/gasification of the waste tires was carried out using the different metal based catalysts and the resultant mass balance data and gas concentrations are shown in Table 1 .
The standard deviation for mass balance and hydrogen production using Ni/Al2O3 were 3.75 and 4.10, respectively. The product yields including gas, liquid and residue yields were calculated in relation to the mass of the waste tires. The liquid and residue yields were obtained by mass difference before and after experimentation and the gas yield was calculated based on the gas concentration from gas chromatography analysis and the molecular mass of the individual gases to calculate the mass of gas. Hydrogen sulphide which would be produced from the sulphur in the tire was not analysed in this work. The mass balance and carbon (wt.%) were calculated using the Mass balance (wt. %) = weight of (resiude + gas + carbon + liquid) weight of tire × 100 (Equation 1) ( . %) = ℎ ℎ ℎ × 100 ( 2) Table 1 shows that for the four investigated catalysts, the total gas yield ranking from the pyrolysis-catalytic reforming/gasification process was Ni/Al2O3 ˃ Cu/Al2O3 ˃ Fe/Al2O3 ˃ Co/Al2O3. The ranking of liquid yield in the reforming process was Co/Al2O3 ˃ Ni/Al2O3 ˃ Cu/Al2O3 ˃ Fe/Al2O3. The residue yield for pyrolysis using different catalysts remained constant at ~38 wt.% which was expected since the pyrolysis process which generates the solid char (and ash) residue is separated from the catalytic stage.
The highest hydrogen production for the pyrolysis-catalytic reforming/gasification of the waste tires was with the Ni/Al2O3 catalyst, increasing from 4.96 mmol g -1 tire when sand was used to 18.14 mmol g -1 tire for the Ni/Al2O3 catalyst., The hydrogen yields are much lower with other catalysts which were 9.03 mmol g -1 tire with the Co/Al2O3 catalyst, 7.26 mmol g -1 tire with the Fe/Al2O3 catalyst and 5.53 mmol g -1 tire with the Cu/Al2O3 catalyst (Table 1 ). Portofino and coauthors 13 found that a nickel based catalyst had a significant effect in the waste tire catalytic reforming process, by significantly increasing hydrogen production. They also reported that a Ni/Al2O3 catalyst resulted in the highest production of hydrogen whereas a Cu/Al2O3 catalyst gave a relatively low yield of hydrogen.
In this work, the total yield of carbon was calculated as the weight increase of the catalytic reactor tube compared to the weight of tire sample and represented carbon deposition on the catalyst and in the reactor tube. The ranking of carbon yield was Cu/Al2O3) = Fe/Al2O3 ˃ Ni/Al2O3 > Co/Al2O3.
Unlike other work investigating tire gasification where steam is usually introduced into the process, in this work, steam could only be generated from the internal moisture content of the tire sample. Therefore, steam reforming reactions (Reaction 1) would be limited in our process. In addition, carbon deposition on the surface of the catalyst would be enhanced by the lower steam presence, since the carbon steam reaction (Reaction 2) would be depressed. 53 Carbon formation in the presence of the different catalysts is suggested to be related to Reaction 3; and both Reaction 3 (hydrocarbon decomposition) and Reaction 4 (water gas shift reaction) which are suggested to be responsible for hydrogen production from the tire gasification process. Figure 4 shows the temperature programmed oxidation (TPO) results for the Fe/Al2O3, Cu/Al2O3, Co/Al2O3 and Ni/Al2O3 catalysts after use in the pyrolysis-catalytic reforming/gasification of waste tire process. For the used Cu/Al2O3 catalyst, there was a slight weight increase in mass at around 400 °C, which was attributed to the oxidation of Cu metal, which is suggested to be reduced from copper oxides during the pyrolysis process where reducing agents e.g. CO and H2 were produced.
Carbon deposition on the catalysts
The result is consistent with the temperature programmed reduction analysis of the fresh Cu/Al2O3 (Fig. 3) , which showed the largest reduction peak at the lowest reduction temperature (~210 ˚C) compared with the other catalysts.
From the weight loss data from the TPO analysis of the used catalysts from the processing of the waste tires, the mass of carbon on the catalyst could be determined. The results showed that around 15 wt.% of the weight of the reacted catalysts were ascribed to the deposited carbon. The oxidation of the carbon resulting in weight loss at a temperature of around 550 °C was attributed to the oxidation of amorphous carbons, while the oxidization at around 650 °C was attributed to the oxidation of filamentous carbons. 54 The derivative-temperature programmed oxidation results (DTG-TPO) of the used Co/Al2O3, Fe/Al2O3, Cu/Al2O3 and Ni/Al2O3 catalysts are shown in Scanning electron microscopy (SEM) was also used to examine the used catalysts from the pyrolysis-catalytic reforming/gasification of waste tire and the micrographs are shown in Figure 6 . 
CONCLUSIONS
In this study, four different kinds of catalysts (Co/Al2O3, Cu/Al2O3, Fe/Al2O3 and Ni/Al2O3) were investigated for the pyrolysis-catalytic reforming/gasification of waste tires for the production of hydrogen and high-value carbon nanotubes. The results suggested that;
1) The presence of catalysts can enhance the waste tire pyrolysis reforming/gasification process to produce higher yields of gas and hydrogen production. The Ni/Al2O3 catalyst gave the highest gas yield and the highest H2 production;
2) The Ni/Al2O3 catalyst gave the highest quality of CNTs production along with a relatively high yield of product gas from the pyrolysis-catalytic reforming/gasification process. SEM results showed the carbon deposits to be relatively long, straight and of regular shape and TEM analysis confirmed that the filamentous carbons were multi-walled carbon nanotubes.
Raman spectrometry analysis showed the highest purity of CNTs were produced from the Ni/Al2O3 catalyst, compared to the Co/Al2O3, Cu/Al2O3 and Fe/Al2O3 catalysts. 
